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Spin-Crossover Grafted Monolayer of a Co(ll) Terpyridine
Derivative Functionalized with Carboxylic Acid Groups

Victor Garcia-Ldpez, Niccolo Giaconi, Lorenzo Poggini, Joaquin Calbo, Amélie Juhin,
Brunetto Cortigiani, Javier Herrero-Martin, Enrique Orti, Matteo Mannini,*

Miguel Clemente-Ledn,* and Eugenio Coronado

The synthesis and characterization of a new Co(ll) spin-crossover (SCO)
complex based on 4’-(4-carboxyphenyl)—2,2":6’,2" -terpyridine ligand are
reported. This complex can be successfully grafted on silver surface
maintaining the SCO behavior. Thus, atomic force microscopy (AFM), matrix
assisted laser desorption ionization — time-of-flight mass spectrometry
(MALDI-TOF MS), Raman spectroscopy, and XPS measurements, upon
surface deposition, evidence the formation of a monolayer of intact molecules
grafted through carboxylate groups to the Ag surface. Three different
techniques: Raman spectroscopy, X-ray photoelectron spectroscopy (XPS),

high-spin (HS) states are reachable through
external stimuli such as temperature, pres-
sure, or light.”®] Deposition of these
complexes on solid surfaces is a mandatory
step for applications such as electrical
switches!®”] or mechanical actuators.['8-23]
Over the past 10 years, the preferred
method for depositing this type of sys-
tems has been sublimation in ultrahigh
vacuum (UHV) of neutral complexes.[2%]
Indeed, it has been proven that some

and X-ray absorption spectroscopy (XAS), supported by first-principles
calculations, confirm that the deposited molecules undergo a gradual spin
transition with temperature. This phenomenon is unprecedented for a
monolayer of molecules directly grafted onto a metallic surface from solution.

1. Introduction

The integration of magnetic switchable molecular materials
in electronic devices has recently aroused great interest in
the scientific community."?] In this regard, spin-crossover
(SCO) complexes showing magnetic bistability, also at room
temperature,> represent one of the most spectacular ex-
amples of magnetic bistability since both low-spin (LS) and

nanostructured assemblies of SCO sys-
tems achieved in UHV can maintain
their switching behavior even down to
the sub-monolayer and single-molecule
regime.’*331  However, this deposition
method is restricted to a few families
of vacuum evaporable molecules.3*

An interesting alternative to extend
the versatility of SCO is the deposition of properly function-
alized molecules from solution to afford grafted monolayers.
This approach remains almost unexplored, excluding some
earlier reports regarding chemisorption of such molecules in
a junction-like gold nanoparticle array.*>! This soft and cost-
effective deposition method is a general simple grafting method
that only requires molecules (neutral or charged) functional-
ized with suitable anchoring groups able to interact with the
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Figure 1. Molecular structure of  the ligand 47-(4-
carboxyphenyl)—2,2":6’,2"-terpyridine, HL.

surface.’®] Previous attempts of the deposition of the homolep-
tic [Fe(L),** (L = 4-(mercapto)—2,6-di(pyrazol-1-yl)pyridine
or 4-(N-thiomorpholinyl)—2,6-di(pyrazol-1-yl) pyridine)*’!
and heteroleptic [Fel(bppCOOH)(L)]** (L' = 2,6-bis(5-
(11,1’-biphenyl]—4-yl)—1 H-pyrazol-3-yl)pyridine or ethyl 2,6-
bis(1H-pyrazol-1-yl)isonicotinate)*¥!  and  [Fe!''(H,Bpz,),(L)]
(H,Bpz,=dihydrobis(1-pyrazolyl)-borate, ~L=tetrathiafulvalene-
fused dipyrido-[3,2-a:2,3-c] phenazine)**) SCO systems failed
because of the redox instability of the tested molecules.
Here we report that the complex [Co(HL),]** (HL = 4'-(4-
carboxyphenyl)—2,2":6’,2"-terpyridine) can be successfully
grafted on silver surfaces maintaining the SCO behavior. The
Co(II) complexes adopted in this work have been preferred
owing to their robustness against oxidation compared to the
Fe(11)-based complexes.[3®!

Spin transition in six-coordinated Co(II) compounds (d’) in-
volves a spin conversion from a S = 1/2 (tzg"egl) LS state to
a S = 3/2 (t,’¢,’) HS state. Many bis-chelated Co(II) SCO
complexes incorporating tridentate ligands based on 2,2":6",2"-
terpyridine (hereafter terpy) derivatives have been reported.[*’!
Among them, those containing substituents at the C(4') posi-
tion are of special interest.[*!l Indeed, it has been shown that
different substituents allow diverse magnetic properties, ranging
from abrupt spin transitions to unique SCO behaviors such as
reverse spin transitions.[*?] Furthermore, the use of specific sub-
stituents has enabled to combine SCO with other properties such
as porosity, 3] liquid crystal behavior,[**7] ferroelectricity,[*8] or
gas sensing.[*! In this work, we have taken profit of this abil-
ity to carry additional features while maintaining SCO by using
a Co(II) complex incorporating HL, a terpy derivative with a car-
boxylic acid group,®"! see Figure 1. Hereby, we intend to take ad-
vantage of the anchoring capabilities of the carboxylic acid group
on silver to form grafted monolayers from solution at room tem-
perature of a Co(II) SCO complex.[1>2!

The structure of the Co(II) neutral complex with the depro-
tonated ligand L, [Co(L),]-5H,0, was reported in the literature
by Yang et al.>3] but the magnetic properties were not stud-
ied. Thus, we also prepared the complex with the protonated
ligands [Co(HL),](ClO,),-4DMA (1, DMA=dimethylacetamide),
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which has been structurally and magnetically characterized in
the solid state, in order to optimize its processability, and we stud-
ied its behavior upon surface deposition. The morphology, stabil-
ity, and composition of deposited monolayers of 1 on top of Ag
(1/Ag) were studied by atomic force microscopy (AFM), matrix
assisted laser desorption ionization — time-of-flight mass spec-
trometry (MALDI-TOF MS), X-ray photoelectron spectroscopy
(XPS), and Raman spectroscopy. SCO properties were further in-
vestigated by means of XPS, Raman, and X-ray absorption spec-
troscopy (XAS), assisted by first-principles calculations, which
confirm that the spin state of the Co(II) complexes on top of Ag
displays gradual and reversible changes with temperature.

2. Results and Discussion

2.1. Solid State
2.1.1. Synthesis

Complex 1 was obtained by slow diffusion of diethyl ether into
solutions of Co(ClO,),-xH,0 and HL in a 1:2 molar ratio in DMA.
After a few weeks, big prismatic dark-orange crystals suitable for
single-crystal diffraction were obtained. Purity and stability of the
complex were checked with elemental analysis and powder X-ray
diffraction (Figure S1, Supporting Information).

2.1.2. Structure

The crystal structure of 1 was solved by single-crystal X-ray
diffraction at 120, 300, and 340 K in the centrosymmetric
P-1 space group. The asymmetric unit is composed of one
[Co(HL),]** cation, two ClO,~ anions, and four DMA solvent
molecules (Figure 2a and Supporting Information for more in-
formation). The metal center is coordinated to the six nitro-
gen atoms of the two terpyridine moieties giving rise to a dis-
torted octahedral geometry. Co-N bonds display a subtle in-
crease in length with temperature (see Table S1, Supporting in-
formation). This indicates that the number of molecules in the
HS state increases with temperature, as it has been already ob-
served in other compounds,’) and agrees with the evolution of
the magnetic properties with temperature (see below). Neighbor-
ing [Co(HL),]** cations in the structure are weakly interacting
through -z and CH--x interactions (see Figure S2, Support-
ing Information), while hydrogen bonds with the DMA solvent
molecules avoid the formation of 1D chains of hydrogen-bonded
[Co(HL),]** cations (see Figure 2a), which are found in other bis-
tridentate 4-substituted pyridine derivatives.>*%]

2.1.3. Magnetic Properties

The temperature dependence of y,, T for 1in contact with mother
liquor presents a gradual increase from typical LS values below
150 K (0.48 cm?® K mol™) to 1.85 cm?® K mol™ at 350 K with a
thermal SCO temperature T, (T, ,=temperature of 50% HS to
LS conversion) of ~#280 K considering 0.5 and 2.5 cm® K mol™ as
approximate LS and HS values, respectively. [*?] This suggests an
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Figure 2. a) X-ray single-crystal structure of complex Tat 120 K. C (black), N
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filtered (blue empty circles), and after complete desolvation (filled blue circles).

incomplete and non-cooperative spin transition (Figure 2b). Mag-
netic measurements on the filtered sample before and after heat-
ing up to 400 K show a similar behavior, with a more incomplete
SCO transition reaching a maximum value of 1.72 cm?® K mol!
at 400 K. This value corresponds to ~60% of molecules in the HS
state, considering 2.5 cm?® K mol™! as the value for pure Co(II) in
HS state.

In contrast, the Co(II) neutral complex with the deprotonated
ligand L, [Co(L),]-5H,0, shows an abrupt thermal spin transition
upon dehydration (see associated text and Figure S3, Supporting
Information). This suggests that the gradual spin transition in
1 may be due to the presence of ClO,~ counterions and DMA
solvent molecules in the structure, which leads to the absence
of strong intermolecular interactions. At variance, the absence of
solvent molecules in the dehydrated [Co(L),] compound would
involve closer contacts between complexes leading to a coopera-
tive and abrupt SCO. A similar effect occurs in the Co(II) SCO
complex based on the terpyridine derivative without the phenyl
spacer between the terpy and the carboxylic acid: [*) the more
compact structure obtained upon dehydration leads to a more
abrupt SCO.

2.2. Deposition
2.2.1. Monolayer Preparation

1/Ag and L/Ag were prepared by immersing evaporated silver
substrates, treated with hydrogen flame-annealing (see Support-
ing Information for further details), for 6 h in a 1 mm anhy-
drous DMA solution of 1 and L, respectively. After that, they were
washed and rinsed thoroughly with clean DMA to remove any ph-
ysisorbed material and dried under N, stream. Silver was chosen
as substrate with the aim of promoting chemisorption of both
molecules through the interaction with carboxylate moieties,[>?!
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which may form large domains of well-ordered 2D molecular ar-
rays at room temperature within a short time promoted through
this kind of interaction.>!]

2.2.2. Atomic Force Microscopy (AFM)

AFM provides information about the homogeneity of the sur-
face because, when the formed monolayer replicates the topogra-
phy of the underlaying surface, AFM experiments in air tapping
mode lack the resolution to provide a direct proof of the forma-
tion of an ordered monolayer. However, topographic images of
1/Ag and L/Ag confirmed the absence of big aggregates or mul-
tilayers (see Figure S4, Supporting Information). This result was
expected considering that the carboxylate group bonds selectively
the silver surface, and in case, additional physisorbed layers can
be easily removed with the washing steps.

2.2.3. Matrix Assisted Laser Desorption lonization — Time-of-Flight
Mass Spectrometry (MALDI-TOF MS)

Integrity of the molecules in 1/Ag was checked with MALDI-
TOF MS. A comparative analysis between bulk and monolayer is
shown in Figure 3. Peaks of m/z corresponding to [Co(HL),]* are
present in both spectra (764.16 m/z). Proof of the formation of a
bond between only one carboxylate group of the molecules and
the surface is supported by the presence of signals originated
from a silver atom that is extracted together with molecular
fragments such as [L+H+Ag]*, [Co(HL+H+Na)(L+Ag)] *, and
[Co(HL-COOH+H)(L+Ag)]*; these signals are not present in the
bulk sample (Figure 3). This result has been reported previously
in other systems grafted on Au,°*~¥] where a molecule-
substrate bonding is expected and suggests that deprotonation
of the carboxylic acid group takes place upon contact with the
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Figure 3. a) MALDI-TOF MS spectra of 1 (blue), 1/Ag (green), and bare Ag (grey). b) Magnification of the [L + H + Ag]*, [Co(HL),]*, and [Co(HL +
H + Na) (L + Ag)]* (enclosed in red rectangles). The expected isotopic distribution pattern for each fragment is reported as black lines. Peaks coming
from the matrix used for calibration are marked with an asterisk and are also observed in bare Ag. CHCA is abbreviation for a-cyano-4-hydroxycinnamic
acid, and it is present in the matrix used for MALDI-TOF MS measurements (see Experimental Section).

surface. Additionally, the lack of molecular fragments in
the monolayer sample with the counter-anion, such as
[Co(HL)(ClO,)]*, that are present in the bulk sample, also
confirms the absence of aggregates or any physisorbed mul-
tilayers in agreement with AFM measurements (for further
information see Table S3, Supporting Information).

2.2.4. Monolayer Modeling

Theoretical calculations at the cost-effective GFN2-xTB level of
theoryl>>%l were performed to shed light on the orientation and
organization of the Co(II) SCO molecules on the Ag surface.
First, two molecules of 1 were placed onto a Ag surface in a range
of intermolecular distances that varied from 6 to 14 A, and the
geometries were relaxed by keeping fixed the anchor-anchor dis-
tance (d,,; Figure 4a). A binding energy (E,;,,4) of 3—4 kcal mol~!
is predicted for d, , between 8 and 13 A, being the largest E,; 4 of
—3.80 kcal mol~* for 10.5 A (Figure S5, Supporting Information).
This net stabilization mainly arises from z—z (3.2-3.4 A) and
CH--7 (2.6-2.9 A) contacts between the aromatic pyridine cores
of neighboring molecules. Non-covalent interactions (NCI) sur-
faces [6!] confirm the presence of these weak but attractive forces
(Figure 4a,b). Note that E,; , is relatively small, and interaction
with solvent media at room temperature may compensate the
complex—complex intermolecular stabilization. By replicating the
minimum-energy supramolecular dimer (d,, = 10.5 A), a four-
complex assembly was modeled, which upon optimization led to
a E|; 4 of —6.33 kcal mol~?, almost double of that calculated for
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the dimeric model (see Figure S6, Supporting Information for
the minimume-energy structure and Figure S7, Supporting Infor-
mation for the NCI surfaces). A schematic model of the Co(II)
SCO monolayer is depicted in Figure 4c.

2.2.5. Raman Spectroscopy and SERS

Molecular deposits on top of a mechanically roughened silver
substrate were characterized by performing Raman spectroscopy.
This was possible because of the nature of the imposed silver
defects and their small separation that led to a plasmon ab-
sorbance, which is resonant with the 532 nm light used to excite
the samples.l%?] Therefore, the Raman spectrum of the deposits
is expected to be magnified in the “hot-spots” by the Surface-
Enhanced Raman Scattering (SERS) effect.%3] The structural in-
tegrity of the molecules in 1/Ag is evident from the fact that SERS
spectra of the monolayer and conventional Raman spectra of the
bulk are found to be very similar (see Figure 5).

The most important difference between both samples was the
replacement of the band at 783 cm™ in the bulk with another
one at 814 cm™ in the monolayer. This band is assigned to the
deformation vibration of carboxylate groups and it is sensitive to
the protonation/deprotonation state.[l Density functional the-
ory (DFT) calculations on a model system of benzoic acid (see
the Supporting Information for computational details) confirm
a shift to higher wavenumbers of the Raman intense scissor-
ing mode of COO~ upon deprotonation (from 749 to 793 cm™,
Table S4 and Figure S8, Supporting Information), in line with
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Figure 4. a) Minimum-energy structure calculated for the most stable Co(ll) SCO complex dimer at a fixed anchor-anchor distance (daa) of 10.5 A using
the GFN2-xTB method. b) Inset displaying the NClI surfaces for the z—z and CH--- x interactions that stabilize the supramolecular SCO complex dimer.

c) Top and side views of a schematic model of the Co(Il) SCO monolayer.

that reported in the literature.l*%! Such band was also present
in the spectra of the complex [Co(L),]-5H,053! (Figure 5) and
in the spectra of the monolayer of the ligand (L/Ag, see Figure
S9, Supporting Information), both measured as references. De-
protonation of the carboxylic acid group in contact with the sur-
face was expected, as it has been already observed in literature
experiments performed with similar ligands on Ag.5?! On the
other hand, knowing the protonated/deprotonated state of the
carboxylic acid group non-interacting with the surface is not
straightforward. However, the presence of only one band indi-
cates that both carboxylic acid groups of the deposited complexes
are deprotonated,®®) which is indeed consistent with the absence
of ClO,” counter-anions observed in the XPS experiments per-

formed on 1/Ag (see below), and, therefore, compensates the +2
charge of the complexes. To support this conclusion, theoretical
calculations were performed on 1, deprotonated 1 ([Co(L),]), and
deprotonated 1 bound to a simplified model of a silver cluster
to simulate 1/Ag (see the Supporting Information for details).
Frequency analysis confirms the presence of a COO~ scissoring
mode (coupled with phenyl C-H rocking) at 785 and 797 cm™! for
[Co(L),] and 1/Ag, respectively (see Figure S10, Supporting Infor-
mation), which are shifted to higher wavenumbers compared to
1 (744 cm™), in good accord with the trends found in Raman
experiments (Figure 5).

Additionally, temperature dependent Raman spectroscopy ex-
periments were used to monitor the spin state variation of the

L T J T ¥ T T ¥ T L T ¥ T L
200 400 600 800 1000 1200 1400 1600 1800

Raman shift (cm™)

Figure 5. Raman spectra of 1 (blue), 1/Ag (green), and [Co(L),]-5H,O (purple) in the 200-1800 cm~" at 100K. Inset of the 700-900 cm™" region.
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Co(II). In the bulk sample, changes in intensity ratios and Ra-
man shifts were observed in the same temperature range of
the spin transition, especially in the coordinative terpy modes
(1200-1700 cm™, see Figure Slla, Supporting Information).
Nevertheless, the most notable feature was the increase of inten-
sity of the peak located at 1020 cm™! observed when increasing
temperature. This peak is assigned to the pyridine ring breathing
mode, [’ which is strongly coupled to the Co—N stretching and, in
consequence, to the spin state. Similar Raman spectral changes
of this peak accompanying spin transition were observed in a re-
lated Co(II) complex reported in the literature.[®®) DFT simula-
tions of the Raman spectrum of 1 in LS and HS states evidence
the main differentiating feature at #1000 cm™! (see Figure S12,
Supporting Information). A closer inspection on the vibrational
modes in that region confirm their nature: breathing modes of
the pyridine rings with participation of the N, which is directly
connected to Co. While in the LS state several medium-intense
vibrations are predicted in the 980-1020 cm™! region (see Figure
S13, Supporting Information), a main vibrational mode implying
symmetric Co—-N stretching of all pyridines, which approximately
doubles the intensity of the LS peaks, rises for the HS state at
1001 cm™! (see Figure S14, Supporting Information). This trend,
which nicely correlates with the experimental data, may be as-
cribed to the more symmetric coordination environment found
for the HS state, compared to the LS state, as a result of a weaker
Jahn-Teller effect (see Figure S15, Supporting Information).

To get a qualitative insight of the HS/LS conversion, the nor-
malized intensity of such feature (integrated against the weak
temperature-dependent mode of the 4-substituted position of the
pyridine ring at 1365 ¢cm™)I’] is plotted against temperature
(Figure S11b, Supporting Information). It displays a gradual in-
crease with temperature, which is in excellent agreement with
the bulk data extracted from conventional magnetometry mea-
surements. Therefore, these Raman spectral changes can be at-
tributed to a spin transition and used to monitor the spin state.
SERS spectra of 1/Ag display similar changes with temperature
(see Figure 6a, further intermediate temperatures are reported
in Figure S16, Supporting Information). These changes are not
observed in L/Ag (see Figure S17, Supporting Information), so
we can conclude that these variations of the spectrum are at-
tributable to a temperature dependent SCO behavior of 1/Ag. A
comparison of the spin transition of the bulk with that of the
monolayers of 1 and L, using the same spin state-dependent
marker, suggests that 1 and 1/Ag undergo spin transition in
the same temperature range (150-300 K), while L/Ag does not
display any changes (Figure 6b). The fraction of HS molecules
seems to be higher in 1/Ag. These results are confirmed by XPS
and XAS measurements, which enable a more accurate estima-
tion of the LS/HS fraction (see below).

To prove stability and reproducibility of the spin transition, af-
ter the first set of measurements, the sample was stored in air
for 1 week, and two more cooling and warming cycles were per-
formed (Figure 6¢,d). They confirm that the spin transition in the
monolayer is reversible in the temperature range 100-360 K. Fur-
ther increase in temperature leads to irreversible changes in the
spectra and blocking of the spin state (see Figure S18, Support-
ing Information). L/Ag exhibits the same irreversible changes
(see Figure S19, Supporting Information and associated text),
suggesting that the irreversibility of the spin transition at tem-
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peratures above 360 K is related to structural changes of the
molecules.®7% Indeed, the irreversibility of the spin transition
when heating the monolayer above 360 K was confirmed by XAS
(see below).

2.2.6. X-Ray Photoelectron Spectroscopy

Cls, N1s, Cl2p, and Co2p XPS regions were analyzed in parallel
for the bulk sample of 1 and for the monolayer deposit 1/Ag (see
Figure S20 and Table S5, Supporting Information). Line shape
of the CIs band features three main components for each sam-
ple; two at lower energies at 285.0 and 286.5 eV corresponding to
C-C/C=C and C-N/C=N species, respectively;’! and the third
one, assigned to O—C=0 carbon atoms,’?! that exhibits a shift
from 288.9 to 288.1 eV from the bulk to the monolayer. A lower
binding energy is consistent with the presence of carboxylate
species in the deposited molecules, and it is also present in L/Ag
(see Table S5, Supporting Information). N1s regions show only
one component at 399.7 eV assigned to the coordinated nitro-
gen atoms of the pyridine rings for both samples.I”>! C12p spec-
trum of 1 features the typical shape of the perchlorate anion cen-
tered at 208 eV,”* while 1/Ag does not display such signal (see
Figure 7). This is further experimental evidence of the absence of
physisorbed molecules on the surface and of the deprotonation
of the carboxylic acid groups upon deposition. This result agrees
with the conclusion drawn from the CIsregion, MALDI-TOF MS
data, and Raman spectroscopy.

The Co2p;,, region of the bulk and monolayer displays the
expected line shape of a Co(Il) photoemission spectra (see
Figure 7).7>7% In order to get qualitative information about the
SCO properties, the Co2p;, region was fitted with a procedure
similar to that previously reported for HS/LS-Co(II), where the
intensity of the satellites is directly correlated to the paramag-
netism, i.e., to the spin state of the metal ion.>’] The line shapes
were reproduced with four Co2p;,, components (A-D) along
with the corresponding Co2p,,, spin—orbit (SO) coupled con-
tributions (A’—D’) weighted by the expected 2:1 integral ratio
(Figure 7). 1 and 1/Ag Co2p;,, components are composed by a
main peak A at 780.4 eV for the bulk and 780.8 eV for the mono-
layer, integrating =~ 21.6% and 23.3% of the overall signal at 170 K
and 17.8% and 18.1% at 300 K, respectively (for satellite peak po-
sitions and contributions see Table S6, Supporting Information).
Furthermore, a fifth component (E) appears at low binding ener-
gies for both samples at 778 eV. With transition elements, the
presence of prominent shake-up satellites typically occurs with
paramagnetic states and can be relatively intense. Therefore, we
attribute this to the characteristic cobalt(II)/(I1I) L;M,;M,s (*P)
valence-type Auger peak with a total contribution of less than
5%.1771 Semiquantitative analysis and elemental stoichiometric
ratios of 1 and 1/Ag (Tables S6 and S7, Supporting Information)
are in good agreement with the expected values. This suggests
that most of the molecules covering the surface retain the molec-
ular structure found in the bulk.

XPS was also used to get an insight on the electron level pop-
ulation and thus of the spin state. On one hand, experimental
results!”>787°] confirm that SO splitting (A) increases with the
number of unpaired 3d-electrons, being closer to 15 eV for LS-
Co(II) and 16 eV for HS-Co(II) species, respectively. Indeed, a
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Figure 6. a) Temperature-dependent Raman spectra of 1/Ag in the 200-1800 cm™! range. b) Normalized intensity of the 1020 cm™" features for 1 (blue
squares), 1/Ag (green circles), and L/Ag (orange triangles) for each temperature. c) Temperature-dependent Raman spectra of the same sample after
being stored in air for 1 week in the 900-1800 cm~' range. d) Values of the normalized intensity of the 1020 cm™' feature (green circles) at each
temperature for the subsequent cooling and warming cycles. The lines are a guide to the eye. Error bars were calculated from the median absolute

deviation.

change in Ay, upon spin transition is expected due to different
orbital populations in the two spin states, being larger for HS-
Co(II) than for LS-Co(II). Therefore, the occurrence of SCO can
be followed by the SO shift.®] On the other hand, the contribu-
tion of the satellites is also indicative of the spin state, an increase
in the number of unpaired atomic electrons causes an increase in
the satellite intensity in XPS.I>”%! Therefore, the ratio of the in-
tegrated area (Y I, /Ic, 53,,) is directly related to the intensity of
the satellites and was selected as the most sensitive parameter to
follow the spin transition.”’] Co2p; , XPS region was measured
at 170 and 300 K to analyze the differences between low and high
temperature species. A slight variation of the Ay, of 0.1 eV was
observed in both samples (from 14.9 to 15.0 eV in the bulk and
from 15.1 to 15.3 eV in the monolayer) upon increasing the tem-
perature (Table S6, Supporting Information). To confirm the spin
transition, together with the high-energy shift of the metal lines,
satellite magnification is also expected. Indeed, the increment in
2L/ Ico2p3)2 values (from 1.94 to 2.66 in 1 and from 1.75 to 2.58

Adv. Funct. Mater. 2023, 2300351 2300351 (7 of 11)

in 1/Ag at 170 and 300 K, respectively) indicates that the com-
plexes undergo thermal spin transition, confirming the stability
of the SCO properties under X-ray irradiation in UHV.

2.2.7. X-Ray Absorption Spectroscopy

XAS spectra were recorded at Co L;-edge of 1 and 1/Ag at dif-
ferent temperatures. For the bulk, the spectrum measured at
100 K (see Figure S21a, Supporting Information), according to
magnetic properties, is consistent with all Co(II) centers in the
LS state, and it is in agreement with the spectra calculated in
the Ligand Field Multiplet (LFM) approach for two references of
LS-Co(Il) in distorted octahedral environment (see Figure S22,
Supporting Information), namely Co(II)-imidel®?l and Co(II)-
phtalocyanine.®¥ The spectrum measured at 370 K is not the
signature of pure HS-Co(II) but is actually a mixture of HS-
and LS-Co(II). A 0.4 fraction of the LS-Co(II) spectrum (i.e., the
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fraction determined from magnetic measurements) was there-
fore subtracted, yielding an experimental HS contribution that is
consistent with the HS-Co(II) theoretical spectrum (see Figures
S21b and S22, Supporting Information) and with previously pub-
lished data.[3*%] We note a minor fraction (x3%) of LS octahedral
Co(I1I) (peak at ~781.4 eV), a feature that increases in sequen-
tial scans, so both with time and high photon flux (see Figure
S23, Supporting Information). Figure 8a shows the temperature-
dependent XAS spectra of the monolayer in the 125-310 K range
recorded with a minimized photon flux. Evolution of the signal
under soft X-ray irradiation was initially excluded at all tempera-
tures (see Figure S24, Supporting Information). However, com-
parison with the bulk spectra shows a peak at 781.4 eV arising
from LS octahedral Co(III) (see Figure S25, Supporting Informa-
tion) as previously observed for 1. This shows that a fraction of
molecules is oxidized either by i) the deposition procedure, ii)
the photon damage, or iii) impurities arising from the bulk start-
ing material. The amount of Co(III) will be quantified below us-
ing least-squares interpolation (see Table S8, Supporting Infor-
mation).

To provide a quantitative insight on the temperature-
dependence of the Co spin and valence states, the Co L, XAS spec-
tra of 1/Ag were fitted using the LFM simulated HS-Co(II) and
LS-Co(IlI) contributions, and the experimental LS-Co(II) spec-
trum of the bulk (Figures S21 and S22, Supporting Information).
The latter was preferred over the LFM simulated LS-Co(II) spec-
trum because the fine structure is strongly dependent on the crys-
tal field distortion parameters used in the calculation, which are
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currently unknown for 1/Ag. The results (see Figures S26 and
S27, Supporting Information for all the fitted curves) evidence
a fraction of oxidized Co(III) molecules, while the rest (Co(II)
molecules) undergo a spin transition (see Figure 8b). Two warm-
ing cycles were performed to confirm the reversibility of the spin
transition in the monolayer (Figure 8b). If we do not consider this
Co(I1I) fraction and normalize the HS-Co(II) contribution to the
total (HS+LS) Co(II) contribution, our results indicate that the
monolayer features a higher HS content than the bulk for all the
temperatures considered, in good agreement with Raman exper-
iments. More precisely, the HS fraction increases from ~61(3)%
to 91(3)% (see Table S9, Supporting Information) for the mono-
layer and from ~0% to 30% for the bulk when warming the sam-
ple over the working temperature range. These results confirm
that the thermal spin transition converts ~30% of molecules both
in the monolayer and bulk samples, but a significant fraction of
molecules (260%) remain in the HS state at 125 K on the former,
which is not the case for the later (~0%). However, reversibil-
ity breaks down when warming 1/Ag at 370 K. The XAS spec-
trum at 370 K is consistent with the Co(II)-HS state extracted
from the bulk, but the subsequent cooling does not affect the
spin state and the molecules remain trapped in the HS state (see
Figure S28, Supporting Information), in agreement with Raman
spectroscopy. These results contrast with previous results of SCO
molecules deposited on metallic substrates, such as Au and Cu,
which tend to suppress changes in spin state due to the interac-
tions with the substrate that lock spin crossover molecules in a
particular or mixed spin state.[3%]
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3. Conclusion

Herein, we report the synthesis and characterization of a new
Co(II) SCO complex based on 4'-(4-carboxyphenyl)—2,2":6",2"-
terpyridine ligand. The chemical functionalization of the system
provided by the versatile anchoring point and the processability
enabled by the higher solubility of the salt allowed us to prepare
grafted monolayers of intact molecules from a diluted solution
within a short period of time. AFM, MALDI-TOF MS, Raman
spectroscopy, and XPS measurements evidence the formation of
the deprotonated species upon surface deposition and confirm
the absence of physisorbed material. Thermal SCO properties
of the monolayer have been confirmed with a set of different
techniques: Raman spectroscopy, XPS, XAS, and first-principles
calculations, pointing to a gradual SCO behavior. This has also
been observed in the solid state for the protonated complex, thus
suggesting the absence of a cooperative spin transition on the
surface. This represents, as far as we are aware, the first mono-
layer formed by active SCO complexes anchored to a metallic sub-
strate from solution. Finally, our contribution paves the way to
the realization of SCO nanostructure-based devices through soft
methodologies compared to the conventional UHV techniques.
Further improvements, such as a more abrupt SCO and higher
stability, could be achieved by expanding the aromaticity of the
ligand to enhance the intermolecular interactions between the
deposited molecules.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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